Abstract: We monitored the short term behavioral and demographic responses of gray-tailed voles ( Microtus canicaudus ) to the reduction and fragmentation of their habitat. Our objectives were (1) to test whether animals perished or moved into remaining fragments after 70% of their habitat was removed; and (2) 
). We conducted the experiment in 12, 0.2-ha enclosures planted with alfalfa with four replicates for each of two manipulated treatments and a control. A 70% reduction in habitat did not adversely affect adult survival, reproductive rate, juvenile recruitment, or population size. However, an influx of unrelated females into habitat fragments resulted in decreased juvenile recruitment in those fragments. Voles from cleared habitat moved into the remaining habitat and did not measurably affect the resident population. Similarly, the demography of voles did not differ significantly among the large-fragment, small-fragment, and control enclosures. Peak density estimates based on the amount of habitat in each enclosure were 545 animals per hectare in control, 1056 in large-fragment, and 2880 in small-fragment enclosures. Reduced movement of animals among the small fragments was the most obvious effect of habitat fragmentation. Six percent of females and 15% of males moved among small fragments within a week compared to approximately 60% moving comparable distances in large-fragment and control enclosures. Rates of juvenile dispersal and sexual maturation declined throughout the summer on all treatments, were associated with season and density, and were only marginally associated with habitat loss and fragmentation. We conclude that at the time of habitat removal and fragmentation, populations were small enough to accommodate a 70% reduction in habitat and still continue to increase in numbers. The social system of gray-tailed voles was sufficiently flexible to accommodate an influx of animals to withstand densities Ͼ 1000 voles per ha. The behavioral and demographic features of gray-tailed voles are similar to those reported for other small mammals, thus confirming the use of voles for ecological model systems in habitat fragmentation studies.

Efectos de la Pérdida y Fragmentación de Hábitat Sobre el Comportamiento y la Demografía de Ratones de Campo de Cola Gris
Resumen: Monitoreamos las respuestas demográficas y conductuales de corto plazo a la reducción y la fragmentación del hábitat de ratones de campo de cola gris ( Microtus canicaudus ). Nuestro objetivos fueron (1) probar si los animales morían o se movían a los fragmentos después de que el 70% de su hábitat fue removido y (2) probar la hipótesis nula de que la estructura social y la demografía de los animales no difería
Introduction
Habitat loss is one of the primary threats to maintaining biological diversity (Harris 1984; Wilcox & Murphy 1985) . Declines in species richness or populations are primarily attributed to habitat loss, but habitat fragmentation, which subdivides populations, is also an important factor in declining biological diversity (Wilcove et al. 1986; Goodman 1987; Noss & Cooperrider 1994) . Habitat fragmentation seriously threatens the stability and persistence of wild populations because the size and isolation of remaining habitats increases the probability of extinction through demographic, environmental, or genetic stochasticity (Wiens 1976; Harris 1984; Soulé 1986; Gilpin & Hanski 1991; Andrén 1994) .
Habitat removal can result in direct loss of individuals from altered habitats, but the indirect effects of animals moving into or residing in remaining habitat is unknown. Most studies on habitat fragmentation examined movements of animals among already established patches (e.g., Forman & Godron 1986; Robinson et al. 1992; Bowers & Dooley 1993) or along corridors (Bjørnstad & Hansen 1993; LaPolla & Barrett 1993; Johannsen & Ims 1996) , whereas little is known about the fate of animals in a continuous habitat before and after habitat loss and fragmentation. Also, studies on patch size usually address population-level questions such as minimum viable population size and extinction rates (Boecklen 1986; Fahrig & Paloheimo 1988; Gilpin & Hanski 1991; LaPolla & Barrett 1993) , edge effects (Stamps et al. 1987; Temple & Cary 1988; Harper et al. 1993) , or gene flow between patches (Lande & Barrowclough 1987; Mills & Smouse 1994) . The short-term effects of habitat loss and fragmentation on behavior and social structure of individuals is of great importance (Wiens et al. 1993; Lima & Zollner 1996) but has been only peripherally addressed (e.g., Foster & Gaines 1991; Weddell 1991; Ims et al. 1993; Barrett et al. 1995; Bowers et al. 1996; Bjørnstad et al. in press) .
The short-term effects of reduction in habitat can be separation of families and breeding demes and an influx of surviving animals into remaining habitat fragments (Bierregaard et al. 1992; Ims et al. 1993) . The impact of this influx of animals into established resident populations is unknown, but increasing density and intrusion of unrelated, unfamiliar individuals into established family units purportedly can reduce juvenile recruitment and survival (Charnov & Finerty 1980; Lambin & Krebs 1991; Lambin 1994; Wolff & Schauber 1996) probably through infanticide (Brooks 1984; Wolff & Cicirello 1991) or competition for food resources that take away the benefits of kin groups (Lambin 1994; Wolff 1995) . Thus, the short-term effects of immigration of strangers, isolation, and emigration on fitness of residents in subdivided habitats are not known, but may be negative. We used gray-tailed voles ( Microtus canicaudus ) to examine short-term effects of individual-scale habitat fragmentation (Wiens et al. 1993; Andrén 1994) on the social dynamics of a territorial herbivore. Gray-tailed voles are a common, small mammal species of grasslands in the Willamette Valley, Oregon; the mating system is polygynous or promiscuous; females are territorial; males have large home ranges that overlap those of several females; and juvenile dispersal is male-biased .
Our objectives were three-fold. First, we tested whether animals perished or moved into remaining habitat after 70% of their habitat was removed. Andrén (1994) proposed that the random sample hypothesis (Conner & McCoy 1979 ) was a good predictor of the effects of habitat fragmentation in landscapes with 30% of suitable habitat remaining. In these landscapes, habitat fragmentation is primarily a function of habitat loss; whereas with a Ͼ 70% habitat reduction, patch size and isolation would complement each other compounding the effects of habitat fragmentation. Second, we use gray-tailed voles as an ecological model system (EMS) other species or systems less amenable to manipulation (Ims & Stenseth 1989; Wiens & Milne 1989; Ims et al. 1993) . A series of experiments with root voles ( Microtus oeconomus ) in enclosures have shown that survival rates and population sizes were not affected by habitat fragmentation (Johannsen & Ims 1996) , but female movements were restricted by fragmentation (more so than were males) and that barriers 4 m wide inhibited movements of both sexes (Andreassen et al. 1996) . Ims et al. (1993) also demonstrated that movements of voles in fragmented habitats were applicable to those of Capercaillie grouse ( Tetrao urogallus ) following habitat removal and fragmentation. Our experiments were designed to address similar questions as the studies with root voles to provide further comparative data to evaluate the use of voles as an EMS for other species and systems. Specifically, we examined space use, movement, reproduction, and dispersal of voles following loss and fragmentation of habitat. Lastly, we address the concerns of Wiens et al. (1993) and Lima and Zollner (1996) by applying evolutionary theory to the behavioral ecology of vole responses to habitat loss and fragmentation.
We tested the random sample hypothesis that the social structure and demography of animals would not differ between a large continuous habitat and one in which 70% of the habitat was removed (Andrén 1994) . We also tested the null hypothesis that social behavior and demography would not differ between two manipulated habitats of comparable area; one single patch of habitat (referred to as large fragment) and a mosaic of 25 small fragments separated by 4 m of nonhabitat. Each small fragment was smaller than the home range of one animal. We hypothesized that a 70% reduction in habitat would result in an immediate loss of animals from the cleared area. We also hypothesized that abundance, population growth rates, and survival rates would not differ between the two manipulated treatments, but would be lower on those treatments than on controls. We predicted surviving animals from the cleared areas would move into the remaining habitat, temporarily increasing densities and disrupting reproduction. We predicted juvenile recruitment would decrease immediately after habitat loss and fragmentation. With respect to the two manipulated treatments, we hypothesized that on the 25 small-fragment treatment, movements of males and females would be shorter (i.e., confined to one fragment), and juveniles would delay emigration and be philopatric. Delayed emigration would result in reproductive suppression if juveniles remained in proximity to their opposite-sex relatives (Wolff 1992; 1997; Lambin 1994 ). Thus, we predicted that the social structure would be altered in the small-fragment treatment because movements of males, females, and juveniles would be restricted by a barrier of nonhabitat. We did not anticipate any behavioral or demographic differences between animals on the large-fragment and control enclosures except that population sizes would be lower in the large-fragment enclosures.
Study Area and Methods
The study was conducted at the Hyslop Agronomy Farm of Oregon State University, approximately 10 km north of Corvallis, Oregon. The experimental units consisted of 12, 0.2-ha (45 ϫ 45 m) enclosures planted with alfalfa Edge et al. 1996) . Each enclosure was constructed of galvanized sheet metal approximately 90 cm high and buried 90 cm deep to prevent escape of or entry by burrowing animals. A 1-m wide strip along the inside of the fence within each enclosure was kept bare to minimize use by small mammals. Each enclosure initially contained 1850 m 2 (43 ϫ 43 m) of alfalfa habitat. Twelve outbred voles (6 males and 6 females) were introduced into each of the 12 vacant enclosures on 15 April 1994. We manipulated alfalfa in eight of the enclosures in two arrangements ( , the same as in the large-fragment enclosures. We kept the matrix between the small fragments and around the large fragments bare by mowing and removal of debris. We manipulated the habitat in the treatment enclosures in two steps. On 30 June we sprayed the alfalfa to be removed with the herbicide glyphosphate (this herbicide is nontoxic to small mammals). The alfalfa turned brown and died within 1 week after the herbicide was applied. From 22-27 July, we mowed the dead alfalfa and removed the residue, leaving a matrix of bare ground. We maintained four unmanipulated enclosures as controls.
Four traps were placed in each small fragment 1 m in from the edge with 3 m between traps. Trap spacing in the large fragments and control habitat was 4.3 m. Before habitat removal and fragmentation, we placed one 8 ϫ 9 ϫ 23 cm Sherman live trap at each station for a total of 100 traps per enclosure. After habitat removal and fragmentation, we placed two traps per station in the large fragments, and 20 traps in mowed areas along the enclosure fences, 10 m from the fragment. This trap arrangement allowed for 100 traps in each of the control and small-fragment enclosures and 92 traps in the largefragment enclosures (Fig. 1) . Recapture probabilities were always Ͼ 80% and did not differ based on number of traps.
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Trapping Procedures
We trapped for four consecutive nights (i.e., 1 trap period) at 2-week intervals from May through early September 1994. Control and fragment-treatment enclosures were trapped on alternate weeks to reduce the weekly trap effort. Traps were baited with oats and sunflower seeds, set in the evening, and checked once a day at sunrise. Traps were propped open and prebaited during nontrapping weeks. We ear-tagged all captured animals for permanent identification and recorded body mass, sex, reproductive condition, and trap location for each capture. We considered females to be in reproductive condition if they were lactating, pregnant, or had widely parted pubic symphyses. Males were considered adult and reproductive when they reached a body mass of 30 g. Testes are relatively small in gray-tailed voles and their size cannot be estimated externally (Wolff et al. 1994 ).
Data Analysis
We estimated population size for each enclosure and trap period using the program CAPTURE, (model M h , Jackknife estimator; Rexstad & Burnham 1992) ; which gives the best estimates for our system (Manning et al. 1995) . We calculated population growth as the change between consecutive trap periods in the natural log of population size. Population density was calculated by dividing estimated population size by the area of unmowed alfalfa habitat. We measured recruitment by (1) the proportion of animals captured composed of recruits (newly tagged animals) and (2) the number of recruits captured in an enclosure per adult female captured in the same enclosure 4 weeks (two trap periods) earlier. The time lag allowed recruits to reach trappable size. We measured reproductive activity by the proportion of adult females ( Ն 30 g) in reproductive condition.
We measured sex-specific effects of habitat loss and fragmentation treatments on movements of voles by (1) the proportion of voles captured in more than one 25-m 2 area and (2) the mean maximum distance moved (MMDM) by voles during each trap period. The MMDM was calculated as the average maximum straight-line distances animals moved between capture locations within a trap period (Wilson & Anderson 1985) .
We documented emigration of juveniles by comparing the location of natal home ranges of juveniles that weighed Յ 15 g when first caught with their home ranges when they were caught as reproductive adults weighing Ն 30 g. Juveniles were considered to have emigrated when the nearest points of capture between their adult ranges and where they were caught as juveniles were Ն 2 trap stations apart.
We estimated sex-and age-specific survival rates ( ⌽ I ) using derivations of the Cormack-Jolly-Seber mark-recapture methodology (Cormack 1964; Jolly 1965; Seber 1965) . The effects of habitat removal and fragmentation were explicitly tested by comparing relative fit among models . We used programs RELEASE (Burnham et al. 1987 ) and SURGE (Pradel & Lebreton 1991) for survival modeling. We compared sex- and age-specific survival rates among treatments and controls and among voles that immigrated into remaining habitat after habitat removal with voles that were not forced to move.
Statistical Tests
We used Statistical Analysis System (SAS Version 6.05; SAS Institute, Inc. 1990 ) to conduct all data analyses. We had only four replicates for our treatments and had considerable variation among replicates, so we set ␣ at 0.1 to increase statistical power to detect biologically meaningful results (Schauber & Edge, unpublished observation) . We analyzed the arcsine square-root of proportions to satisfy assumptions of statistical tests. We present back-transformed means and standard errors for transformed data.
We used multivariate repeated-measures analysis of variance (MANOVA) to test for differences among trap periods, differences among treatments, and interactive effects of trap period and treatment on size, density, growth, and sex ratio of populations; reproductive activity; the proportion of captured voles composed of recruits; and MMDM. We also used this suite of statistical procedures to test for effects of time, treatment, and gender on the proportion of voles moving among fragments in three time periods: before herbicide application (7-10 and 21-24 June), between herbicide application and habitat removal (5-8 and 19-22 July), and after habitat removal (2-5 and 16-19 August and 30 August-2 September).
We used a univariate analysis using treatment as a whole-plot factor and time as a split-plot factor (Huynh & Feldt 1970) to test for main and interactive effects of treatment and time on recruitment per adult female. When time by treatment interactions were significant, we used analysis of covariance to test for differences among treatments within each trap period, after accounting for covariates. When we found treatment differences within a trap period, we used Tukey's multiple range tests to identify differences among means. We present covariate-adjusted f values and p values.
Results
Demography
We caught a total of 1521 animals 4634 times in the 12 enclosures from April to early September 1994. Population size increased from the initial 12 animals in April to means of 99 in control, 66 in large-fragment, and 180 in small-fragment enclosures (Fig. 2a) . Population-size estimates increased over time ( f ϭ 6.6; 6, 4 df; p ϭ 0.044), but we found only weak evidence for differences among treatments and controls ( f ϭ 2.7; 2, 9 df; p ϭ 0.12) and for interactive effects of treatment and time ( f ϭ 2.2; 12, 8 df; p ϭ 0.13). Populations in small-fragment enclosures tended to be largest, but variance among smallfragment populations was high (Fig. 2a) . Peak density estimates based on the amount of habitat in each enclosure (control and pre-treatment habitats were 0.185 ha and treatment habitats were 0.0625 ha after habitat removal) were 545 animals per ha in control, 1056 in large-fragment, and 2880 in small-fragment enclosures (Fig. 2b) . Interactive effects of treatment and time on population densities were significant ( f ϭ 2.9; 12, 8 df; p ϭ 0.071). Densities did not differ among treatments and controls prior to habitat removal ( f Ͻ 2.41; 2, 9 df; p Ͼ 0.145), but differed among treatments and controls during all trap periods after habitat removal ( f Ͼ 5.6; 2, 9 df; p Ͻ 0.027). After habitat removal, densities in smallfragment enclosures were greater than in controls (Tukey's Range Test, p Ͻ 0.05) and greater than in largefragment enclosures (Tukey's Range Test, p Ͻ 0.10). At the highest densities, an average of 9-12 voles occupied each 25-m 2 fragment in three of the four small-fragment enclosures. Population growth rates differed among trap periods ( f ϭ 7.3; 5, 5 df; p ϭ 0.024) and among treatments and controls ( f ϭ 6.7; 2, 9 df; p ϭ 0.016), but interactive effects of time and treatment were nonsignificant ( f ϭ 1.5; 10, 10 df; p ϭ 0.25). Overall, growth rates tended to be highest for small-fragment enclosures and lowest for large-fragment enclosures.
Reproduction
The proportion of adult females that were in reproductive condition decreased from means of 0.9-1.0 in June to 0.37-0.48 in August. These values differed significantly through time ( f ϭ 206; 6, 4 df; p Ͻ 0.001), but did not differ among treatments and controls ( f ϭ 0.48; 2, 9 df; p ϭ 0.63) or manifest a time by treatment interaction ( f ϭ 2.1; 12, 8 df; p ϭ 0.15). Juvenile recruitment measured by the proportion of captured voles that were recruits differed among trap periods ( f ϭ 113; 6, 4 df; p Ͻ 0.001; Fig. 3a) , peaking the first week in June and again in mid to late July. The proportion of captured voles composed of recruits did not differ significantly among treatments and controls ( f ϭ 1.8; 2, 9 df; p ϭ 0.21) and time by treatment interactions were nonsignificant ( f ϭ 1.9; 12, 8 df; p ϭ 0.19). Population size was a significant positive covariate ( f ϭ 3.9; 1, 44 df; p ϭ 0.053) in analysis of recruitment per adult female. Recruitment differed among trap periods ( f ϭ 10.6; 5, 44 df; p Ͻ 0.001), peaking in mid-July (Fig. 3b) . Interactive effects of time and treatment were significant ( f ϭ 2.3; 10, 44 df; p ϭ 0.026). Recruitment per female did not differ among treatments and controls after accounting for populations size ( f Ͻ 1.3; 2, 8 df; p Ͼ 0.32; Fig. 3b ).
Movements
Interactive effects of time and treatment on interpatch movements per trap period were significant ( f ϭ 10.9; 4, 34 df; p Ͻ 0.001). Prior to herbicide application, about 60% of the animals moved between areas that would become fragments within a trap period with no significant differences among treatments and controls ( f ϭ 0.01; 2, 18 df; p ϭ 0.987; Fig. 4) . However, movements differed among treatments and controls between the time of herbicide application and habitat removal ( f ϭ 7.5; 2, 18 df; p ϭ 0.004) and after habitat removal ( f ϭ 54.7; 2, 18 df; p Ͻ 0.001) with movement in small fragments lower than in large fragments and controls (Tukey's Range Tests, p Ͻ 0.05). Overall, male voles were more likely to change patches during a trap period than were females ( f ϭ 9.0; 1, 18 df; p ϭ 0.008). After habitat removal, an average of 15% of males and 6% of females moved between small fragments within a trap period (Fig. 4) , and 66% of males and 78% of females never left their 25-m 2 fragment. In the large-fragment enclosures only 10 (6%) of 167 animals that were resident in the large fragments were ever caught in perimeter traps 10 m from the fragment.
Figure 3. Recruitment (mean Ϯ SE) of gray-tailed voles in small-fragment, large fragment, and control enclosures at Hyslop Agronomy Farm, Benton County, Oregon, 1994. Recruitment measured by proportion of captured voles composed of recruits (a) and number of recruits captured per adult (Ͼ30 g) female captured 4 weeks earlier (b).
The MMDM in June ranged from 12-14 m for males and 8-16 m for females and decreased by August to 5-7 m for males and 3-6 m for females. The MMDM decreased significantly through time for both males ( f ϭ 10.9; 6, 4 df; p ϭ 0.018) and females ( f ϭ 14.2; 6, 4 df; p ϭ 0.011), but interactive effects of time and treatment were not significant (males: f ϭ 1.1; 12, 8 df; p ϭ 0.44; females: f ϭ 1.4; 12, 8 df; p ϭ 0.32). Overall, MMDM differed among treatments for females ( f ϭ 7.3; 2, 9 df; p ϭ 0.013), but not for males ( f ϭ 0.56; 2, 9 df; p ϭ 0.59).
Survival
Survival rates differed by sex, were partially age-specific, and differed among treatments and controls. Survival rates for adult males were constant throughout the experiment (⌽ 1-6 ) for all three treatments, but male voles in small-fragment enclosures had a higher survival rate (⌽ 1-6 ϭ 0.962, SE Ͻ 0.008) than did voles in control or large-fragment enclosures (⌽ 1-6 ϭ 0.895, SE ϭ 0.010). Survival rates for juvenile males were equal to adult males except on the small-and large-fragment enclosures immediately following habitat removal (⌽ 4 ) when juvenile survival rates declined to 0.743 (SE ϭ 0.059). Female survival rates were constant on control (⌽ 1-6 ϭ 0.901, SE ϭ 0.0147) and small-fragment (⌽ 1 ϭ 0.941, SE ϭ 0.0078) enclosures. Survival rates of adult females on large-fragment enclosures were equal to small-fragment enclosures except for the period just prior to habitat removal (⌽ 3 ) when adult female survival declined to 0.714 (SE Ͻ 0.063). Juvenile female survival rates were lower than adults and constant (⌽ 1-2,4-6 ϭ 0.825, SE ϭ 0.043) except for the period just prior to habitat removal (⌽ 3 ) when juvenile female survival declined to 0.250 (SE ϭ 0.213). Survival rates were equal for immigrants and residents on large-fragment enclosures for each sex or age class.
Juvenile Emigration
A total of 684 juvenile voles Ͻ15 g were caught in the 12 enclosures. The numbers of juveniles that were caught for Ͼ4 weeks were 162 (47%) of 344 in the small-fragment enclosures, 69 (38%) of 184 in large fragment enclosures, and 92 (59%) of 156 in the control enclosures. Prior to habitat removal, emigration rates for males averaged 85% to 89% and did not differ significantly among treatments and controls ( 2 ϭ 0.17; 2 df; p ϭ 0.918; Fig. 5a ). After habitat removal, emigration rates ranged from 8% to 22% and did not differ among treatments and controls ( 2 ϭ1.3; 2 df; p ϭ 0.522), but were lower than emigration rates before the date of habitat removal on treatments and controls ( 2 ϭ 12.6; 2 df; p Ͻ 0.001). Prior to habitat removal, emigration rates for females were 46% in small-fragment enclosures and 13% in control enclosures and did not differ among treatments and controls ( 2 ϭ 0.52; 1 df; p ϭ 0.473). Emigration of females in the large-fragment enclosures prior to habitat removal consisted primarily of females moving into core areas following herbicide application, and so was not included in this analysis. After habitat removal, emigration rates of females declined to 6% to 19% and did not differ among treatments and controls ( 2 ϭ 2.3; 1 df; p ϭ 0.328), but were lower than before habitat removal in small-fragment and control enclosures ( 2 ϭ 5.8; 1 df; p Ͻ 0.015; Fig. 5a ). Emigration rates for males were greater than for females on both treatments and controls prior to the date of habitat removal ( 2 ϭ 11.6; 1 df; p Ͻ 0.001), but not after habitat removal (all 2 Ͻ 0.84; 1 df; p Ͼ 0.36). For juveniles that were caught before the date of habitat removal and emigrated, the mean number of weeks after initial capture that they emigrated ranged from 3.4 to 4.2 for males and 2.7 to 3.5 for females (Table 1 ). The number of weeks between first small-fragment, largefragment, and control enclosures at Hyslop Agronomy Farm, Benton County, Oregon, 1994. capture and emigration was greater for males than for females and in small-fragment enclosures, but not in control or large-fragment enclosures (Table 1) .
Sexual Maturation and Growth
Prior to the date of habitat removal, 81% to 100% of all juveniles became sexually mature with no significant differences between sexes or among treatments and controls (all 2 Ͻ 2.3; 2 df; p Ͼ 0.129; Fig. 5b ). After habitat removal, Ͻ40% of juveniles became sexually mature, which was lower than before habitat removal for both sexes in treatments and controls (all 2 Ͼ 9.7; 2 df; p Ͻ 0.002). After habitat removal, the percent of males that became reproductive was higher in control than in treatment enclosures ( 2 ϭ 12.3; 2 df; p ϭ 0.003), whereas no differences occurred among treatments and controls for females ( 2 ϭ 3.2; 2 df; p ϭ 0.205; Fig. 5b ). The mean number of weeks after initial capture that juveniles were first found in reproductive condition was greater after habitat removal (4.90, SE ϭ 0.160) than before habitat removal (3.99, SE ϭ 0.113; F ϭ 8.2; 2, 173 df; p Ͻ 0.001) with no differences among treatments and controls ( f ϭ 0.30; 2, 173 df; p ϭ 0.769). Mean body mass of males 4 weeks after their initial capture varied significantly among treatments before and after the date of habitat removal (Table 1) and was greater for animals caught prior to habitat removal than for animals caught after habitat removal ( f ϭ 129; 1, 130 df; p Ͻ 0.001). Most females caught prior to habitat removal were pregnant and weighed Ͼ30 g within 4 weeks of their initial capture, whereas mean maximum body mass attained for females caught after habitat removal was 25.0 g (SE ϭ 0.457). Mean maximum body mass for males and females after the date of habitat removal did not differ by treatment or sex (Table 1 ). The percentage of males and females becoming sexually mature within 4 weeks after initial capture was negatively correlated with time of year for animals in treatments and controls (all rs Ͼ 0.884, p Ͻ 0.001). Because densities increased throughout the year (Fig. 2b) , reproductive maturity for both males and females was negatively correlated with density (r ϭ Ϫ0.733, p ϭ 0.003), as was emigration from the natal home range (males r ϭ Ϫ0.643, p ϭ 0.013; females r ϭ Ϫ0.453, p ϭ 0.104). Thus, delayed emigration was associated with delayed sexual maturity and both were negatively correlated with time and density.
Discussion
An unexpected result from our experiment was that removal of 70% of the habitat, leaving one large fragment or 25 small fragments, did not affect population size, reproductive rates, juvenile recruitment, or juvenile emigration in our short-term experiment. Voles in the cleared areas did not perish, but were able to establish home ranges in the remaining habitat. All populations continued to increase after habitat removal and fragmentation suggesting that populations were below carrying capacity at the time of habitat removal. Thus, the data did not support our hypothesis that habitat loss and fragmentation would have negative demographic impacts on populations of gray-tailed voles, but did support the hypotheses that fragmentation would reduce movements and thus alter social structure. The fact that animals from cleared habitat were able to move into and become established in the remaining habitat suggests a social system flexible enough to accommodate this influx of animals. The major effect of fragmenting a large habitat into several small fragments was to reduce movements and movement distances, increase survival of adult males, and reduce rates of juvenile sexual maturation. Thus, we were not able to support the random sample hypothesis (at least on a short-term basis) proposed by Andrén (1994) that the effects of habitat removal would be directly comparable to habitat loss and not affected by fragmentation per se. Our results suggest that at least in the short term voles adapt to loss of habitat. Higher densities of small mammals in remnant habitats have also been recorded for whitefooted mice (Peromyscus leucopus), red-backed voles (Clethrionomys gapperi), (Yahner 1992; Nupps & Swihart 1996) and root voles (Microtus canicaudus) (R. Ims, personal communication) and may be characteristic of small mammals in general.
Densities in the small-fragment enclosures were higher than they were in control or large fragment enclosures (as high as 9-12 voles per 25-m 2 fragment). Although two of the four small-fragment enclosures had higher populations than the other treatments before habitat manipulation, populations in the small-fragment enclosures continued to increase for 4 weeks following fragmentation, suggesting that animals were being successfully recruited into these populations. Even though many of these pregnancies occurred before fragmentation, juvenile survival and pregnancy remained high, suggesting that in the short-term, fragmentation did not affect these parameters. The behavioral mechanisms that permit such high densities in small habitat fragments are unknown, but may be associated with degree of relatedness or familiarity of neighbors (Charnov & Finerty 1980; Lambin & Krebs 1991; Lambin 1994; Wolff 1995) . Related or familiar individuals may behave amicably and nepotistically toward one another, increasing survival and recruitment (Ylönen et al. 1990; Lambin & Krebs 1993; Mappes et al. 1995) , purportedly through reduction in infanticide (Wolff 1995) . Neighbors in large or continuous populations are more apt to consist of "strangers" than "friends" which may negatively affect juvenile recruitment and survival (Boonstra & Hogg 1988; Lambin & Krebs 1993; Mappes et al. 1995) . In this same study, juvenile recruitment was lower in patches that contained unrelated females than patches containing related females suggesting that relatedness or familiarity did affect recruitment on a small scale (Wolff & Schauber 1996 ). The overall population-level effect would be higher densities in a series of small habitat fragments than would occur in one continuous fragment of comparable area.
The only fragmentation-related effects on survival were manifested in reduced survival of juvenile males on the fragmented treatments immediately following habitat manipulations and on adult and juvenile females in large-fragment enclosures just prior to habitat removal. The fact that changes in survival rates were shortterm and only affected part of the population suggests that most animals were able to move into the remaining habitat and were not subject to increased mortality. We do not have a measure of predation at our study site but hawks, owls, coyotes (Canis latrans), and feral cats (Felis domesticus) are present, though their contribution to mortality is unknown . Voles, however, behaved as though they perceived the 4-m barrier as a risk by severely restricting their movements after fragmentation.
The main effect of habitat loss and fragmentation was confining animal movements. Home-range sizes of voles in control enclosures average 56 m 2 for females and 94 m 2 for males , whereas after fragmentation voles were often confined to one 25-m 2 fragment. In the small-fragment enclosures, as many as 3-4 breed- ing adult females, 3-4 adult males, and 5-7 juveniles shared a 25-m 2 fragment (see also Wolff & Schauber 1996) . Because female voles typically occupy exclusive space with respect to unrelated females and males have large overlapping home ranges , habitat fragmentation drastically altered the social structure by confining both sexes to small areas and "forcing" shared use of space. The immigration of presumed "strangers" had no measurable effect at the population level; however, juvenile recruitment was lower in fragments containing unrelated females than in fragments containing related females (Wolff & Schauber 1996) . These results suggest that at the individual level, juvenile recruitment may have been lowered by an influx of strangers, but this difference was not manifested at the population level. Habitat fragmentation also reduced home range sizes and movements of root voles in an experimental enclosed system , and this was more pronounced for females than for males (Andreassen et al. 1996) . Diffendorfer et al. (1995) similarly reported that cotton rats (Sigmodon hispidus), deer mice (Peromyscus maniculatus), and prairie voles (M. ochrogaster) moved less often but greater distances as fragmentation increased.
Juvenile emigration and sexual maturation were only marginally affected by habitat removal, but responded primarily to seasonal or density effects. Delayed emigration may have been due to habitat saturation of territorial females and aggressive adult males that created a social fence and deterred immigration (Hestbeck 1982; Wolff 1993 ). Even at the relatively low densities in some enclosures, all space was occupied by adult males and females, which may have been sufficient to deter immigration and colonization.
Demographic responses to habitat loss and fragmentation may have been confounded by seasonal effects. Reproduction, juvenile recruitment, and sexual maturation of juveniles declined by August for voles in all enclosures and treatments. Vole population estimates in the 12 enclosures ranged from 29 to 305, yet population size was not a significant covariate after accounting for time in most of these analyses. These changes in demography through time suggest that animals were responding more to season than to density per se. No rain fell at the study site from 16 June until the end of the study, a normal pattern for the study area. Consequently, animals could have been responding to climatic factors or changes in food quality overriding any habitat loss or fragmentation effects. Delayed sexual maturation and slow growth rates of juveniles occurred in summer in all of our populations, which is characteristic of vole populations at midnorthern latitudes (Ford & Pitelka 1984; Batzli 1985; Keller 1985; Ostfeld & Canham 1995; . Poor resource quality may directly (Batzli 1985) or indirectly, through lactational deficiency (Christian 1971) , explain this response. In our study Ͼ40% of adults bred throughout the summer, but Ͻ40% of juveniles became reproductive in late summer. Juveniles in 12 adjacent enclosures started breeding by late September (J. Peterson, unpublished data). Even though adults were still capable of breeding in late summer, energy may not have been sufficient for juveniles to both grow and develop sexually. Thus, energy or nutrient limitation may have a greater effect on juveniles than it does on adults.
An alternative explanation is that reproductive suppression could be an adaptive response to avoid inbreeding with relatives (Wasser & Barash 1983; Wolff 1992; Lambin 1994; Wolff 1994) . Several studies have demonstrated that emigration is associated with the presence of opposite-sex relatives in the natal home range and functions to avoid inbreeding (Brody & Armitage 1985; Wolff 1992 Wolff , 1993 Lambin 1994) . Juveniles are reproductively suppressed if they remain in the presence of opposite-sex, but not same-sex relatives (Batzli et al. 1977; Facemire & Batzli 1983; McGuire & Getz 1991; Wolff 1992) . Gray-tailed voles generally exhibit male-biased dispersal, apparently as an apparent inbreeding avoidance mechanism ). In our study, reproductive suppression was greater in the manipulated enclosures than in controls. Voles probably had more opportunity to separate from opposite-sex relatives in the control enclosures than in the habitatremoval enclosures, which may explain this difference.
In the short-term gray-tailed voles responsed to individual scale fragmentation and a 70% reduction in habitat area with a slight negative effect on juvenile recruitment, which may have been associated with an influx of strange females, but no population-level response. Habitat loss and fragmentation did not cause immediate mortality of animals in destroyed habitat, but immigration into remaining habitat may have slightly decreased the fitness of resident females. In the short-term habitat loss and fragmentation will result in an increase in population density in remaining habitat because of immigration from altered areas. In our study a 4-m barrier inhibited, but did not prevent dispersal; a result similar to that found by Andreassen et al. (1996) for root voles. We predict isolation will increase reproductive success and juvenile recruitment and survival in the short-term, but long-term effects of inbreeding and reproductive suppression would lower population viability. Further studies on the effects of habitat fragmentation should be conducted long-term or during harsh (e.g., winter) conditions to determine how sub-divided populations respond to annual population bottlenecks.
Many of our results are similar to those of other experimental studies of voles in fragmented habitats (e.g., Ims et al. 1993; Bowers 1994; Barrett et al. 1995; Johannesen & Ims 1996) and confirm that vole species may be good EMSs for particular systems or species. Spatially, our experiment, like those of many others using small mammal models (e.g. Harper et al. 1993; Ims et al. 1993; LaPolla & Barrett 1993; Diffendorfer et al. 1995) , was conducted at the individual scale of fragmentation (Haila 1990; Andrén 1994) . This spatial scale of fragmentation is probably most representative of animals living in patchy environments or medium to large animals living in highly fragmented landscapes (e.g., urban areas, agricultural areas, woodlots, or prairie potholes) that possess similar behavioral traits. However, we contend that those aspects of an EMS that might be the most relevant for other species are behavioral rather than taxonomic or ecological. Factors that affect spacing behavior such as territoriality and sex differences in home range size, sex-biased dispersal, formation of kin groups, and mating system should be similar in many species, and therefore the same ecological and behavioral correlates should be operating. We conclude that these and other aspects of the social biology and behavioral ecology of species should be taken into consideration when predicting and interpreting how species will respond to fragmented landscapes.
